Abstract
Introduction
(CVA). Mahalanobis distances were calculated and the statistical significance of differences 152 between groups was assessed with a permutation test of 10,000 repeats. All GMM analyses 153 were carried out in MorphoJ (Klingenberg, 2011) .
155

Biomechanics
156
To elucidate the functional significance of any morphological variation between red squirrel 157 populations, the mechanical advantage (MA) of three of the major jaw-closing muscles -158 temporalis, superficial masseter, and deep masseter -was estimated from linear measurements 159 of the jaw (following Casanovas-Vilar and van Dam, 2013; Gomes Rodrigues et al. 2016) . MA 160 was calculated as the ratio of the muscle in-lever to the biting out-lever. To measure the lever 161 lengths, an extra landmark was recorded at the dorsalmost point of the condyle articular surface
162
(not included in the GMM analysis to avoid over-representing the condyle). The temporalis in-163 lever was measured from the condyle to the tip of the coronoid, the superficial masseter in-164 lever was measured from the condyle to the posterior tip of the angular process, and the deep 165 masseter in-lever was measured from the condyle to the anteriormost point on the masseteric 166 fossa margin. All muscle in-levers were compared to the out-lever representing incisor biting.
167
As many of the specimens had missing or dislocated incisors, the out-lever was measured from 168 the condyle to the dorsal margin of the incisor alveolus (as in Gomes Rodrigues et al. 2016) .
169
In and out-levers are illustrated in Figure 1B .
171
Muscle MAs were compared between red squirrel populations using ANOVA and post-hoc
172
Tukey tests. The potential influence of size on MA was tested for using log centroid size 173 calculated during the GMM analyses. All linear statistics were undertaken in PAST 3.06 174 (Hammer et al. 2001) .
Results
177
Shape analysis 178 The distribution of individuals across the first two principal components, representing 24.9% 179 and 18.7% of total variance respectively, is shown in Figure 2A . Little, if any, separation 180 between the red squirrel populations is seen on these axes. PC1 represents changes to the Greater separation of squirrel populations is seen on the third and fourth PCs (11.1% and 7.9% Permutation tests of 10,000 rounds indicate highly significant (P < 0.001) Mahalanobis
198
distances between all pairs of red squirrel populations except between Northern England and 199 Southern Scotland (P < 0.01), and the two smallest samples in this analysis, Thetford and the Table S1 . (Table S2 ). Significant differences were also revealed between the Jersey population and the
212
Northern England, and both Scottish populations, and between the sample from Germany and (Table S3 ). The mean MA for the deep masseter ranged between 217 0.625 and 0.656. Significant differences were found between the German squirrels and the 218 populations from Scotland and Northern England (Table S4) .
220
An ANOVA revealed significant differences (F = 11.00, P < 0.001) in log centroid size of the 221 mandible between squirrel populations. Post-hoc Tukey tests (Table S5) 
Discussion
230
The decline of red squirrels in the UK and their replacement by invasive grey squirrels is a 231 well-documented phenomenon (Lloyd, 1983; Gurnell, 1987) . The current population of red 232 squirrels in Great Britain is highly fragmented and mostly confined to northern areas and 233 offshore islands (Gurnell and Pepper, 1993; Barratt et al. 1999; Mathews et al. 2018 ). The 234 results of this study show that these isolated British red squirrel populations exhibit significant The second hypothesis, which predicted that differences in biomechanical performance would 265 be detected between red squirrel populations, was also supported by the results here. The MA 266 of the temporalis muscle in Formby red squirrels was shown to be significantly lower (P < 267 0.0001) than that of all other squirrel populations (Table S2 ). This aligns with the results from 268 the shape analysis which indicated that the Formby squirrel mandibles have a coronoid process 269 that is positioned closer to the condyle and further from the teeth. In addition, the MA of the 270 temporalis MA in the Germany and Jersey populations was also shown to be significantly lower 271 than some of the other squirrel populations, although to a much lesser extent. Analyses of 272 centroid size showed that mandibles of the Formby and German squirrels were significantly 273 larger than those of most other populations, but no significant correlation was found between centroid size and temporalis MA. Therefore, the reduced temporalis MA in these two 275 populations does not appear to be an effect of allometric shape change. (Cox and Jeffery, 2011, 2015) . Lastly, the analysis was conducted in 2D which ignores any lateral component to the mandible. Despite these simplifications to the 300 biomechanical analysis, it was felt that the results generated were still meaningful, as the 301 simplifications were consistent across all specimens and because squirrel hemi-mandibles are 302 sciurognathous and therefore largely planar (Hautier et al. 2015) . Table 2 . Mean MA ± standard deviation of masticatory muscles for red squirrel populations. 
